In order to provide evidence for a potential role of heterotrimeric GTP-binding proteins in the transduction of developmental signals, we prepared cDNAs from Xenopus Levis embryos and looked for fragments amplified between primers located in conserved sequences of the different subtypes of B subunit. Using the amplified fragment as a probe, we cloned a member of the /3 subunit family. The deduced protein sequence of the amphibian cDNA is highly homologous to the fil subtype and, accordingly, we have named the Xenopus gene XGfll. In situ hybridization and RNase protection assay revealed that XC/l mRNA is confined to the animal hemisphere of the mature oocyte. This localization of XC,& mRNA is established at stage V during oogenesis. Following fertilization, the maternal mRNAs cosegregate with animal cells during cleavage stages. At gastrulation, transcripts are expressed in the dorsal ectoderm layer that will give rise to the central nervous system. Thus, XC,& mRNA belongs to the small family of localized maternal mRNAs; as a transducing protein, its restriction to a subset of embryonic cells could mediate the distinct responsiveness which contributes to the patterning of the embryo.
Introduction
The development of a multicellular organism begins with a single cell, the fertilized egg, which will generate through mitotic divisions the diverse cell subtypes in the body. In early embryogenesis, determination of cell lineages and specification of the body axes both contribute to the generation of diversity and formation of animal pattern.
All these early developmental events, extensively studied in the amphibian model, are accomplished through a complex series of cell movements and cell interactions which involve the decoding of various signals in a spatially and temporally appropriate manner (Moon and Christian, 1992; Sive, 1993; Woodland, 1993; Dawid, 1994; Slack, 1994) . Over the past few years, signalling ' The contributions of E.D. and L.P. should be considered equivalent. molecules belonging to the families of growth factors (Kimelman and Kirschner, 1987; Kimelman et al., 1988; Asashima et al., 1990 Asashima et al., , 1991 Smith et al., 1990) and their respective kinase receptors (Musci et al., 1990; Amaya et al., 1991; Matthews and Vale, 1991; Matthews et al., 1992) have been shown to be expressed during early embryogenesis and to play important roles in early developmental processes.
The transduction of extracellular signals can also involve the participation of other signalling pathways, which proceed through activation of GTP-binding proteins. These molecules couple a membrane receptor to an intracellular effector which generates a diffusible second messenger (Gilman, 1987; Birnbaumer, 1990; Bourne et al., 1990 Bourne et al., , 1991 . These proteins are made up of three distinct polypeptide chains called a, p and y (Gilman, 1987; Birnbaumer, 1990) . The a subunit has the ability to bind a guanine nucleotide, GDP or GTP, and to hydrolyze GTP by its intrinsic GTPase activity. Although the a subunit represents the main activator of the downstream effector, recent evidence supports the role of the & complex in the 0925 .4773/96/$ IS.00 0 1996 Elsevier Science Ireland Ltd. All rights reserved P/I S0925-4773(96) regulation of the activity of some effecters (Clapham and Neer, 1993) .
Interestingly, several laboratories have clearly shown that transcripts encoding the a subunit of heterotrimeric GTP-binding proteins (Onate et al., 1992; Otte et al., 1992) or the proteins themselves (Pituello et al., 1991) are expressed during the early stages of amphibian development. Accordingly, we assumed that the other polypeptide chains corresponding to the B or y subunits would be transcribed and translated during early embryogenesis.
In this communication we report on the cloning and sequencing of a cDNA coding for a /?-like subunit in Xenopus lueuis. On the basis of its homology with the various mammalian subtypes of p subunit (Watson et al., 1994) , the amphibian protein corresponds to the pl subtype and the gene was thus named XGj!?l. By in situ hybridization and RNase protection, we show that maternal mRNAs are localized to the animal pole and that this localization is established from stage V of oogenesis.
Results

I. Screening of the Xenopus laevis stage 11 cDNA library
As described in Section 4, using a set of degenerate oligonucleotide primers corresponding to two amino acid stretches which are fully conserved among the sequences of the /3 subunit isotypes, we amplified a 165 bp fragment whose sequence revealed that the encoded protein was very homologous to the mammalian /?l subunit.
In order to obtain the full coding sequence of the amphibian protein, we used this probe to screen a cDNA library made at stage 11 in Lgt 10. From 2.5 X lo5 recombinant clones, we isolated four positive clones. The two largest inserts (1.6 kb) of these phages were subcloned into the EcoRI site of pIBI 31 and sequenced in both directions as described in Section 4. Both inserts contained the complete open reading frame of a /?-like subunit.
2.2. Nucleotide sequence of the XG)l cDNA and primary structure of the amphibian,&-like subunit Fig. 1 gives the complete nucleotide sequence of the XGfl cDNA insert and the deduced amino acid sequence of the amphibian G/?l subunit. The translation initiation site was assigned to the first ATG codon that appears in the nucleotide sequence and the translational termination codon (TAA) was found at the end of the reading frame after the 340th codon, which specifies an asparagine residue. The 3' non-coding region is approximately 550 bp long and does not contain the polyadenylation signal AATAAA.
Thus, it is concluded that the encoded protein consists of 340 amino acid residues and has a calculated Mr of 37 334 kDa. The size of the deduced amphibian protein closely agrees with the apparent molecular weight of the ,!l subunits purified from various species, ranging between 35 and 37 kDa (Iniguez-Lluhi et al., 1993; Watson et al., 1994) . When this amino acid sequence is compared with those of the other cloned /I subunits (Sugimoto et al., 1985; Fong et al., 1986 Fong et al., , 1987 Gao et al., 1987; Levine et al., 1990; von Weizsiicker et al., 1992; Watson et al., 1994) (Fig. 2) , the primary structure of the deduced polypeptide chain is seen to display the highest homology with the /31 subunit from bovine retina (Sugimoto et al., 1985; Fong et al., 1986) . The homology at the amino acid level is 97%, 90%, 83% and 90% with /?l, /32,/33 and 84 isotypes, respectively (Fig. 2B) . Although /?l, 82,/l3 and /34 isotypes are very homologous, the N-terminal region contains the greatest diversity in amino acid sequence and therefore represents a structural marker of isotype identity (Levine et al., 1990) . The fact that the N-terminal region of the amphibian /I subunit differs only by two residues from that of the mammalian /?l subunit ( Fig. 2A ) strongly suggests that we have cloned the amphibian homologue of the Bl subunit; we have thus named it XGfl.
Developmental expression of the XG,L?I mRNA
In order to examine the developmental profile of expression of the XGj'l gene, we analyzed the abundance levels of the transcripts in total RNA isolated from staged embryos. By Northern blot analysis, we were unable to detect any transcript during early embryonic development. Thus, the size of the mRNA was determined in adult eye, known for its high content of Bl subunit (Sugimoto et al., 1985; Fong et al., 1986) ; it was estimated to be 3.4 kb (Fig. 3) . Under the same conditions, no transcript was detected in other adult tissues.
We decided, therefore, to use the more sensitive RNase protection assay to follow the pattern of early expression of the XGfl gene. The results presented in Fig. 4 show that maternal XGfl transcripts are present in oocytes and are found up to the late blastula stage. After gastrulation, the level of XGfl transcripts was sustained, suggesting that zygotic XG,& mRNA begins to be synthesized. RNase protection experiments performed with a probe located in the 3' non-coding region of XGL% cDNA revealed a similar temporal pattern of expression of protected fragments (data not shown).
In order to determine the spatial distribution of the transcripts, we performed whole mount in situ hybridization (Fig. 5) . Hybridization with the XG,8l antisense probe resulted in a clearly visible pattern of staining from mature oocyte to tailbud stages ( Fig. 5A-F) , whereas hybridization with the sense probe did not give any detectable signal (data not shown). Hybridization was already visible in the oocyte, where stain was localized at the animal pole (Fig. 5A) . After fertilization and the first cleavage, the staining remained concentrated at the ani-
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Hum. PI Pl P I33 (Fong et al., 1986) . human Gp2 (Fong et al., 1987) and GB3 (Levine et al., 1990) . and mouse Gfi4 (von Weizsacker et al., 1994) ma1 pole of each biastomere (Fig. 5B) . During segmentation, it remained in the animal region and consequently became restricted to the upper ceil layer of the presumptive ectoderm (Fig. 5C ). At the beginning of gastruiation, XC/l expression was mainly detected on the dorsal side, above the biastopore lip (Fig. 5D) . At the neuruia stages, intense staining was observed throughout the neural plate (Fig. 5E ). At the early larva stage, high levels of XC,& transcripts were localized in the eye, brain and spinal cord (Fig. 5F) ; such a localization strongly corresponds to that described in the adult tissues of other species (Sugimoto et al., 1985; Fong et al., 1986) .
On sections from the in situ hybridized whole mount embryos (Fig. 6) , we found that the XC/l transcript was confined to a cortical layer in the animal hemisphere of the oocyte (Fig. 6A) , where it remained in each biastomere after the first cleavage following fertilization (Fig. 6B) . After segmentation, the staining was observed in the upper tier of animal cap ceils (Fig. 6C) . At the beginning of gastruiation, transcripts were clearly localized in the whole presumptive ectoderm (Fig. 6D) . Sections of neuruias confirmed the expression in the neural plate (Fig. 6E ) and a PDPO 2 4 6 8 10 12 14 24 L eye section through the trunk at the larva stage showed expression exclusively in the neural tube (Fig. 6F ).
Localization of the XC/l mRNA during oogenesis and embryogenesis
In order to determine when the XGfl transcript became localized to the animal pole, we analyzed its expression during oogenesis. In situ hybridizations were carried out on oocytes from stage III to stage VI by whole-mount (Fig. 7E-H ) or on sections (Fig. 71-L) . The distribution at stage III was restricted to a cortical layer under the membrane (Fig. 7EJ) and it remained identical at stage IV, although the pigment granules had already migrated to the animal pole (Fig. 7FJ) . At stage V, the labeling became heterogeneous on cleared oocytes (Fig.  7G) and, on sections of the same oocytes, XGfl mRNA was seen to be clearly enriched in the animal pole (Fig.  7K) . At stage VI, XGfl mRNA was localized at the animal hemisphere both on whole mount oocytes and sections (Fig. 7H,L) .
To preclude the possibility that this apparent iocaiization resulted from a differential accessibility of animal and vegetal poles to the probe, we directly analyzed XGfl mRNA on sections of stage VI oocytes using a 32P-labeled antisense probe. As shown in Fig. 8 , staining was once again restricted to the animal pole (AP).
Finally, using the same antisense 32P-iabeiied probe, we performed RNase protection assay on dissected mature oocytes and moruias. A protected fragment of the expected size was recovered only in the animal pole of the oocytes or the animal blastomeres of the moruias (Fig. 9 ).
Discussion
We report here on the cloning and sequencing of a cDNA coding for a p-like subunit in Xenopus laevis. The primary structure of the protein, deduced from the cDNA sequence, clearly confirms its identity as a /3 subunit of heterotrimeric GTP-binding proteins. Comparison with the various mammalian /I isotypes (Sugimoto et al., 1985; Fong et al., 1986 Fong et al., , 1987 Gao et al., 1987; Levine et al., 1990; von Weizsgcker et al., 1992; Watson et al., 1994) suggests that the XGfl cDNA encodes the amphibian which are in agreement with observations made with the homoiog of the mammalian /31 isotype cloned from bomammalian transcript (Sugimoto et al., 1985 ; Fong et al., vine and human retina (Sugimoto et al., 1985; Fong et al., 1986 Fong et al., ). 1986 ). This conclusion is corroborated by the size of the XC,& mRNA is already detected at stage III of mRNA determined by Northern blot and its localization oogenesis and remains stable up to the mid-blastula in the eye and the central nervous system of the larva, transition. Thus, it can be considered as a maternal RNA. Furthermore, the XC,& transcript becomes localized to the animal pole at stage V of oogenesis and its confinement to an animal position is maintained after fertilization of the mature oocyte and segmentation of the embryo. Accordingly, XC,& mRNA belongs to the small family of maternal mRNAs that are unevenly distributed along the animal/vegetal axis and restricted to the animal hemisphere (Rebagliati et al., 1985; Weeks and Melton, 1987;  P DP Gururajan et al., 1991; Reddy et al., 1992; Linnen et al., 1993) .
STAGE Ill
Although the mechanisms governing mRNA localization are poorly understood, the 3' untranslated region of RNAs harbors sequences (for review, see St Johnston, 1995) which behave as cis-acting localization signals (Gottlieb, 1992; Mowry and Melton, 1992) . Sequence comparison of XC,& RNA and localized RNAs in the 3' untranslated region failed to reveal the presence of homologous sequences. However, the cloned cDNA might not contain the whole 3' untranslated region of XGfl RNA; indeed, the size of the cloned cDNA (1.6 kb) is far from that of the transcript detected by Northern blotting (3.4 kb) and its sequence has no polyadenylation signal.
The presence of intrinsic RNA determinants implies the existence of trans-acting localization factors that account for localization specificity and selectivity. The cytoskeletal network, via the microtubules, microfilaments and intermediate filaments, has been implicated in localization and anchoring of RNAs to the vegetal pole (Yisraeli et al., 1990; Mosquera et al., 1993) . However, RNAs localized at the animal pole do not copurify with the cytoskeletal fraction, suggesting that another tethering mechanism is involved (Mosquera et al., 1993) . The kinetics of expression of these localization factors could be crucial for the temporal establishment of mRNA localization. In this context, the absence of any misplacement of the endogenous RNA following injection of the anti-sense 3' untranslated region of cloned XGfl RNA (data not shown) could reflect the early and irreversible establishment of this asymmetrical distribution. In any event, the relatively large amount of XGfl mRNA and its precise kinetics of localization make it a good model for the characterization and the study of the factors involved in its distribution.
The reconstitution of the structure and the function of ovocyte morula Fig. 9 . RNase protection assay on dissected oocytes and morulas. Mature oocytes were. cut into animal (AP) and vegetrd (VP) halves and animal blastomeres (AB) were separated from vegetal blastomeres (VB) in morulas. RNase protection was performed on total RNA isolated from two dissected oocytes or morulas. The amount of total RNA was, respectively, 6.8 pg for the animal pole and 2.6 flcg for the vegetal pole of oocytes, 9 pg for animal blastomeres and 5.4 pg for vegetal blastomeres of morulas. Lane DP corresponds to the digested probe in the absence of Xenopus RNA and lane P corresponds to 1110 undigested probe. Positions of the RNA ladder are indicated (0.53 kb and 0.4 kb). The same protected fragment (0.43 kb) was observed in animal poles of oocytes and animal blastomeres of morulas. The gel was exposed overnight and a Longer exposure failed to revealed a protected fragment in VP. The quality and integrity of total RNA were checked on a denaturing gel.
the corresponding signalling pathway should be facilitated not only by the unique spatial and temporal expression of XGfll mRNA, but also by the restricted repertory of interacting a or y subunits which assemble with one /3 subunit subtype to form a particular heterotrimeric GTPbinding protein (Levine et al., 1990; Kleuss et al., 1991 Kleuss et al., , 1992 Kleuss et al., , 1993 . In this context, it is important to stress that the /31 subunit seems to be the major, if not the sole, type of /? subunit expressed during early embryogenesis. Similarly, only a few a subunits have been cloned in Xenopus Levis (Olate et al., 1989 (Olate et al., , 1990 and are detected during early embryogenesis (Pituello et al., 1991; Onate et al., 1992; Otte et al., 1992) .
The restricted expression of XC/Z mRNA to the animal pole and its cellular descendants suggests that the transducing protein could participate in a signalling pathway preferentially operating at the animal pole. Firstly, the maternal proteins could be involved in events preceding fertilization.
Indeed, an activated a subunit of Go protein induces oocyte maturation and triggers meiotic division of Xenupus oocytes (Kroll et al., 1991) . So the corresponding Go protein could therefore result from the assembly of an ao subunit, a /?l subunit and an unknown y subunit. Secondly, the maternal proteins could also participate in the activation responses of the frog egg at fertilization. There is strong evidence that sperm activates Xenapus eggs via a pertussis toxin-insensitive GTPbinding protein (Kline et al., 1991) . This protein too might contain a p 1 subunit.
Given the fact that the maternal localized XGfl mRNA codes for a subunit of a transducing protein, the maternal protein is potentially a cellular determinant whose differential acquisition by cell compartments or daughter cells could contribute to their distinct responsiveness toward developmental signals.
Experimental procedures
Embryos
Fertilized embryos were obtained as previously described (Newport and Kirschner, 1982) . Staging was established according to the tables of Nieuwkoop and Faber (1967) .
For whole mount in situ hybridization, the dejellied embryos were fixed for 2 h at room temperature in MEMFA (0.1 M MOPS pH 7.4, 2 mM EGTA, 1 mM MgS04, 3.7% formaldehyde), rinsed and conserved at -20°C in methanol until use.
RNA extraction
Total RNA was extracted from ten staged Xenopus embryos by the addition of 900~1 RNA-BTM (Bioprobe). Phenol extraction was performed after addition of 100~1 chloroform.
RNA was isolated by isopropanol precipitation of the aqueous layer and then dissolved in DEPC-treated water.
PCR amplification
cDNA was synthesized in a 20~1 reaction mixture containing 5 ,ug of total RNA isolated from gastrula stage using the Superscript IITM GIBCO BRL kit. One ~1 cDNA was used as a template in a 25 ~1 amplification mixture containing 200pM dNTPs, 1 U HiTAQ polymerase (Bioprobe) and 0.5 PM of each primer. During the 35 cycles of the reaction, the denaturing, annealing and extension steps were optimized for 30 s at 94"C, 55°C and 72"C, respectively.
The sequences of forward and reverse degenerate primers were, respectively, 5'-CA(A/G)GA(A/G)GCIGA(A/G)CA(A/G)CT-3' and 5'-CCCA(A/G)TGCATIGC(A/G)TA(A/G/T)AT-3'. The 165 bp amplified fragment of the 5' coding region (nucleotides was purified by the GeneClean procedure (BiolOl) and subcloned in a pIB1 31 vector. The sequence of the amplified cDNA was determined with a Sequenase II kit (USB).
Screening of the cDNA library
The Xenopus laevis cDNA library was made at developmental stage 11 in Lgt 10 by Drs. P.A. Krieg and D.A. Melton (Krieg and Melton, 1985) . This library was plated on E. co/i C600/hfla-at a density of 20000-30 000 plaques per 140 mm plate. Recombinants were transferred to nitrocellulose filters (Hybond C, Amersham), denatured, baked for 2 h in vacua at 80°C and prehybridized in 50% formamide, 5~ SSC, 2~ Denhardt's solution, 0.1% SDS at 42°C for 3 h. Hybridization was carried out for 16 h at 42°C in the same buffer containing 50pglml sonicated salmon sperm DNA with, as probe, 2 X lo6 cpm per filter of the previously amplified 165 bp cDNA fragment, randomly labelled with a-[32P]dCTP (Amersham). The filters were washed in buffers of decreasing stringency down to 0.1 X SSC, 0.1% SDS at 42°C and autoradiographed overnight.
Positive clones were purified and subjected to secondary and tertiary screening. The selected clones were digested with EcoRI and subcloned in pIB1 31 vector. The insert was then sequenced, using a Sequenase II kit (USB).
Northern blot analysis
Total RNA was extracted as mentioned above and electrophoresed in a 1.2% denaturing agarose gel containing 0.66 M formaldehyde. The gel was blotted onto nylon membranes (Hybond N, Amersham) and UV crosslinked using standard protocols. A randomly labelled 165 bp fragment probe (specific activity 0.5-I x lo9 cpm/pg) was hybridized overnight to the blots at 42"C, under the conditions described above. Blots were washed down to 0.1 x SSC, 0.1% SDS stringency at 42°C and exposed to X-ray film with intensifying screens at -70°C.
RNase protection assay
RNA isolated at different developmental stages was assayed for the expression of Xenopus G/0-subunit transcripts (XGfl). The probe was a 'l7 RNA polymerase (Boehringer Mannheim) transcript of the 434 bp amplified cDNA fragment subcloned in pIB1 vector, and which corresponded to amino acids 9-153. The transcription was performed in the presence of c+[~~P]CTP (800 Ci/ mmol). The resulting riboprobe was 494 bp long, and corresponded to the 434 bp BlcDNA fragment and 60 p polylinker of the pIB1 31 vector. It was purified by electrophoresis on a 5% polyacrylamidefl M urea gel and eluted for several hours in 500 mM CH3COONH4, 10 mM MgC12, 1 mM EDTA and 0.1% SDS. Total RNA extracted from four Xenopus embryos at each stage tested or from vegetal or animal halves of two dissected oocytes and morulas, 2pg of total RNA from adult Xenopus eye and 4,ug of yeast tRNA were each co-precipitated with 50OOOcpm of the 32P-labeled RNA probe and resuspended in 20~1 of 80% formamide, 400 mM NaCl, 40 mM PIPES (pH 6.4), 1 mM EDTA. The medium was heated for 2 min at 80°C and then incubated overnight at 37°C. RNase digestions were performed at 37°C for 30 min in 0.2 ml RNase buffer (300 mM NaCl, 10 mM Tris-HCl pH 7.4,5 mM EDTA) in the presence of 2Opg/ ml RNase A and 200 U/ml RNase Tl. After digestion by 250pg/ml proteinase K (15 min at 37°C). the digestion products were phenol-extracted, precipitated with 2 ~01s. of ethanol and separated by electrophoresis on a 7 M urea/5% polyacrylamide gel. The gel was dried at 80°C on DE81 Whatman paper under vacuum and exposed to Kodak XAR-5 film at -70°C 4.7. In situ hybridization and probe synthesis Whole-mount in situ hybridization was performed using digoxygenin-labelled antisense RNA probes corresponding to the 3' untranslated region of XC&' mRNA. XC,& cDNA subcloned in pIB1 31 vector was linearized with Bgl II (see Fig. 1 ) and transcribed in the presence of DIG-ll-UTP (Boehringer Mannheim). A sense RNA probe was transcribed from a cDNA fragment spanning positions 125-1013.
Specimens were prepared, hybridized and stained by the method previously developed by Harland (1991) , with some modifications.
The temperature of the prehybridization step was 70°C for 5 h and of hybridization 60°C overnight. The detection was performed in the Boehringer blocking reagent with alkaline phosphatase-coupled antidigoxygenin antibodies (l/2000) overnight at 4°C. After washing, the chromogenic reaction was obtained with the BM-purple AP-substrate (Boehringer Mannheim). After color development, the embryos were fixed in Bouin's fixative, washed in 70% ethanol and stored in methanol. The pigmented embryos were then bleached in methanol/ hydrogen peroxide (10%) for about 24 h. Some specimens were clarified in benzyl alcohol/benzyl benzoate (1:2) to obtain better photographic images.
Some stained embryos were embedded in paraffin wax and sectioned (10pm). The sections were photographed without counter-stain with a Zeiss photomicroscope.
In situ hybridizations were also carried out directly on sections from paraffin wax-embedded embryos, with a-32P-labeled RNA antisense probe prepared as described for RNase protection assay.
Embedding and sectioning of the embryos were as described by . After classical pretreatments, the sections were hybridized overnight at 50°C in 50% forma&de, 0.3 M NaCl, 10 mM Tris-HCl (pH 7-8), 10 mM NaH2P04, 5 mM EDTA, 1 x Denhardt's, 10% dextran sulfate and 1 mg/ml of carrier DNA. After extensive washes and RNase (A and Tl) treatment, the sections were dried in a series of ethanol concentrations before being dipped in Amersham LM photographic emulsion. They were developed after 2 weeks in the dark at 4°C and observed with a dark-field illuminator on a Leitz photomicroscope.
Note added in proof The sequence we report will appear in the EMBL database under the accession number X86969.
